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Abstract
Ultrarelativistic heavy ion collisions at the laboratory provide a unique chance to study quan-
tum chromodynamics (QCD) under extreme temperature (≈150 MeV) and density (≈1 GeV/ fm3)
conditions. Over the past decade, experimental results from LHC have shown further evidence for
the formation of the quark-gluon plasma (QGP), a phase that is thought to permeate the early Uni-
verse and is formed in the high-density neutron-star cores. Various QCD predictions that model
the behavior of the low-x gluon nuclear density, a poorly explored region, are also tested. Since the
photon flux per ion scales as the square of the emitting electric charge Z2, cross sections of so far
elusive photon-induced processes are extremely enhanced as compared to nucleon-nucleon colli-
sions. Here, we review recent progress on CMS measurements of particle production with large
transverse momentum or mass, photon-initiated processes, jet-induced medium response, and
heavy quark production. These high-precision data, along with novel approaches, offer stringent
constraints on initial state, QGP formation and transport parameters, and even parametrizations
beyond the standard model.
1 Introduction
The Compact Muon Solenoid (CMS) is a "general purpose" detector, however, equally well suited
for the study of heavy ion collisions at LHC [1]. Since the first lead-lead (PbPb) collisions recorded
at CMS in 2010, and after almost ten years of operation, a wealth of measurements are available
for understanding hadron and nuclear "static" (e.g., mass generation and spectra) and "dynamic"
(e.g., cross sections) properties. Initially, heavy ion collisions were proposed to study basic features
of quantum chromodynamics (QCD) matter via its excitation to phases where quarks and gluons
are no more confined into hadrons. Although high-density regimes of QCD are routinely formed
in the laboratory using nucleus-nucleus collisions [2], and might exist in the present Universe [3],
we witness signatures for their existence in "small-systems", e.g., proton-proton (pp) [4] as well
as proton-nucleus [5] collisions. Although in the former case the physical origin of "long-range
correlations", i.e., two-particle angular correlations with large pseudorapidity gap, is interpreted
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as a consequence of hydrodynamic expansion of the produced medium with initial-state fluctua-
tions, the underlying mechanisms are not yet understood in pp and proton-nucleus collisions [6].
Collisions of point-like objects, e.g., electron-positron [7], can serve as reference to the observed
long-range correlations in the small systems.
The extracted properties of the quark-gluon plasma (QGP), created in the extreme environ-
ment of high temperature (≈150 MeV) and energy density (≈1 GeV/ fm3), signify an almost ideal
liquid with short lifetime (≈10 fm) and large opacity against the partons traversing it [8]. The QGP
response strongly depends on the geometrical overlap ("centrality") of heavy ion collisions. "Cen-
tral" collisions, at small impact parameter b, yield large and round interaction regions, whereas
peripheral collisions, characterized by larger values of b, result in smaller interaction regions with
more pronounced spatial anisotropy. The centrality dependence of various observables provides,
then, insight into their dependence on global geometry. Instances with no overlap, i.e., b being
larger than twice the radius of the nuclei, are well suited to study photon (γ )-mediated interactions:
"ultraperipheral" collisions (UPC) are the energy frontier for the photoproduction of heavy quark
and antiquark bound states ("quarkonia"), and "dijets", i.e., pairs consisting of the most ("leading")
and the second most ("subleading") energetic jets, reaching at LHC γp (γ γ ) center of mass energies√
s significantly higher than at HERA (LEP) [9]. Here, we briefly present the latest results from
the CMS Collaboration on "quark matter and beyond", i.e., including novel measurements and
beyond the standard model (BSM) searches that are competitive with, or at least complementary
to, pp studies.
2 Heavy ion collisions at LHC
Four LHC experiments recorded data with heavy ion collisions during "Run 2" (2015–2018), ren-
dering the so-called "fair luminosity sharing" among them challenging. Physics runs have also
been carried out with proton-lead (pPb) collisions, a mode of operation [10] that was not initially
foreseen [11]. The standard LHC operation includes heavy ion or "reference" pp collisions at the
same nucleon-nucleon
√
s energy (
√
s
NN
) during roughly one month per year. The performance
until the end of Run 2 has been excellent, reaching instantaneous luminosities of about six (eight)
times higher than the design (physics-case) value of 1027(1029) cm−2 s−1 in PbPb (pPb), equiv-
alent to a nucleon-nucleon luminosity of LNN ∼ 1032 cm−2 s−1. The LNN-integrated luminosity
delivered to CMS [12] is shown in Fig. 1 for PbPb and pPb collisions.
The excellent performance was made possible through a series of improvements in the LHC
and the injector chain. For the next PbPb run in 2021, it is planned to further increase the total
LHC beam intensity through a decrease of bunch spacing to 50 ns , resulting to a total of 1 232
bunches in the ring. However, any increase of ion luminosity is intrinsically limited by the risk
of superconductivity loss in the magnets. As mitigation, it is therefore planned to install addi-
tional collimators during the second long shutdown (2018–2021) to allow for higher luminosity
and intensity [13–15]. Using the predicted beam and machine configuration [16], the future lumi-
nosity performance during one-month runs is estimated about 3 and 700 nb−1 for PbPb and pPb,
respectively.
3 Hard probes and photon-induced processes
The proton structure at high momentum-transfer Q2, as encoded in the collinearly factorized par-
ton distribution functions (PDFs), enters the weighted product with high-energy ("hard") parton-
parton scattering cross sections. While the latter are process specific and are computed in per-
turbative QCD (pQCD) at different levels of accuracy, PDFs are deemed universal functions of
8 N
ov
10
 No
v
12
 No
v
14
 No
v
16
 No
v
18
 No
v
20
 No
v
22
 No
v
24
 No
v
26
 No
v
28
 No
v
30
 No
v
2 D
ec
4 D
ec
6 D
ec
8 D
ec
10
 De
c
12
 De
c
14
 De
c
Date (UTC)
0
20
40
60
80
100
T
o
ta
l 
In
te
g
ra
te
d
 L
u
m
in
o
si
ty
 (
pb
¡
1
)
Proton Equivalent Luminosity
Data included from 2015-11-25 09:59 to 2018-12-02 16:09 UTC 
2015, PbPb 5.02 TeV/nucleon, 25.7 pb¡1
2016, pPb 8.16 TeV/nucleon, 39.2 pb¡1
2018, PbPb 5.02 TeV/nucleon, 78.0 pb¡1
0
20
40
60
80
100
CMS Integrated Luminosity Delivered, PbPb+pPb
Figure 1: The LNN-integrated luminosity delivered to CMS for PbPb and pPb collisions in Run
2 [12].
Q2 and Bjorken-x obtained by the well-established means of global analyses ("fits") using hard-
process data. Likewise, their counterparts for nucleons bound in nuclei, i.e., the nuclear PDFs
(nPDFs), are essential in studying the production of hard probes in QGP. As such, the uncertainty
in nPDFs mainly stems from the available data, and hence the lack of constraints in certain phase
space regions.
A recent example is the measurement of dijet pseudorapidity (ηdijet) spectra in pp and pPb
collisions at 5.02 TeV [17], where the uncertainty in the nuclear modification factor RpPb between
the pPb and pp spectra appears significantly smaller than predictions with various nPDFs (Fig. 2
from Ref. [18]). Processes involving electroweak gauge (e.g., W or Z) bosons and top quarks are
also powerful probes of the light quark and gluon nPDFs, respectively. The production of W
bosons [19] and top quarks [20] is studied in pPb collisions at
√
s
NN
= 8.16 TeV. In the former
case, the results already favor PDF calculations that include nuclear modifications, and provide
constraints on the nPDF global fits. In the latter case, although the top quark is a novel and the-
oretically precise probe of nPDFs due to its high mass [21], the measured cross section of its pair
(tt) production, σtt , is still consistent with the expectations from scaled pp data. The exploration
of parton densities in nuclei in a broad (x, Q2) kinematic range [22] is a priority for the high-
luminosity PbPb and pPb physics programs (see Section 2).
Ultrarelativistic heavy ions are accompanied by strong electromagnetic fields; the latter can
be treated as a flux of quasi-real photons that scale with the square of the emitting electric charge
Z2 thus their radiation from Pb ions is strongly enhanced compared to the p case. Quasi-real
photons can fluctuate into a quark-antiquark pair, which can then turn into a vector meson (VM)
upon interacting with the other nucleon in UPC. In particular, "exclusive" VM photoproduction,
γp → VMp, bridge previously unexplored regions of parton fractional momenta from the HERA
measurements, e.g., x ≈ 10-4–10-2 in the case of Ref. [25] where VM ≡ Υ(nS) (with n = 1, 2, 3),
meaning UPC can be used in the same way as electron-proton collisions. The incoming nucleons
remain intact after the interaction and only the VM is produced, with the process referred to as
"exclusive". Also, in these events, contrary to symmetric colliding systems, one can determine the
γ direction and hence the γp centre-of-mass energy, Wγp , unambiguously. The data, within their
currently large statistical uncertainty, are consistent with various pQCD approaches that model the
behavior of the low-x gluon density (Fig. 3, left) and provide new insights on the gluon distribution
in the proton in this poorly explored region. Some models suggest that the energy dependence of
Figure 2: The nuclear modification factor between pPb and pp dijet pseudorapidity differen-
tial cross sections. Black markers show the data from CMS [17] with vertical bars showing the
statistical and systematical uncertainties added in quadrature. Solid lines represent the pQCD cal-
culation with average pT scale choice using the central nPDF set of CT14 [23] and EPPS16 [24].
Figure extracted from Ref. [18].
the integrated cross section may provide evidence of gluon saturation, as investigated in Ref. [26]
where the exclusive ρ(770)0 photoproduction is measured, for the first time, in UPC pPb collisions
at
√
s
NN
= 5.02 TeV (Fig. 3, right).
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Figure 3: Cross section for the exclusive Υ(1S) [25] (left) and ρ(770)0 [26] (right) photoproduction
as a function of Wγp compared to previous data as well as to various theoretical predictions or
theory-inspired fits. The bars show the statistical uncertainty, while the boxes or outer bars repre-
sent the systematic uncertainty or the statistical and systematic uncertainties added in quadrature.
Even accounting for roughly 100 times lower instantaneous luminosity than pp collisions, sev-
eral BSM searches appear more competitive in nuclear than pp collisions [27]. For instance, in case
that BSM is manifested with low couplings to the SM and at relatively low masses, experimental
conditions related to heavy ion collisions—with almost vanishing pileup, optimal primary vertex
reconstruction, low-pT thresholds applied to online filters, and “clean” exclusive final states in
UPC—present relative merits compared to pp studies. A characteristic example is Ref. [28] where
the measured exclusive γ γ invariant mass distribution is used to search for narrow resonances
such as pseudoscalar axion-like (a) particles (ALPs) produced in the process γ γ → a → γ γ . Exclu-
sion limits at 95% confidence level (CL) are set on the γ γ → a → γ γ cross section for ALPs with
masses ma = 5–90 GeV. The cross section limits are then used to set exclusion limits in the two-
dimensional plane of the ALP coupling to photons gaPGg ≡ 1/Λ (with Λ being the BSM energy
scale) and ma. For ALPs coupling to the electromagnetic (and electroweak) current, the derived
exclusion limits are currently the best over the ma = 5–50 (5–10) GeV mass range, as shown in
Fig. 4.
Figure 4: Exclusion limits at 95% CL in the gaγ–ma plane, assuming ALP coupling to γ only
(left) and including the hypercharge coupling, hence involving the Z boson (right), from previous
measurements and compared to the present limits using PbPb collisions [28].
4 Jet modifications
High-momentum partons are produced by hard scatterings that occur over a timescale τ ∼ p−1T <
10 fm thus are expected to undergo "energy loss" as they traverse the QGP. The mechanisms by
which the partons distribute their energy to the medium (radiative or collisional energy loss) as
well as the color dependence (e.g., energy loss due to the different color charges, coherent or
incoherent gluon radiation, etc), are still not fully understood. The particles resulting from the
parton fragmentation and hadronization are clustered into jets (of cone sizeR =
√
(∆y)
2
+ (∆φ)
2)
that are used as parton proxies to examine the QGP properties. Parton energy loss manifests itself
in various experimental observables, including the suppression RAA of high-pT hadrons [8] and
jets, including its system size dependence [29], as well as modifications of the jet properties (e.g.,
dijet momentum balance [30], charged particle number densities, jet fragmentation functions, and
jet shape [31–34]) and parton shower [35]. These phenomena are collectively referred to as "jet
quenching" that can be related to the transport and thermodynamic QGP properties.
Recently, and for the first time, strong suppression of high-pT large-R jets is observed in the 0–
10% most central collisions [36]. Whereas the various predictions from quenched jet event genera-
tors, theoretical models, and analytical calculations grasp reasonably the RAA pT evolution for jets
reconstructed withR . 0.4, they produce a less uniform description of the QGP-induced behavior
of jets at larger R (Fig. 5). Another observation, which does not support previous interpretations
based on color-charge-dependent jet quenching, is achieved with a template-fitting method using
the "jet charge" observable [37]. Jet charge, defined as the momentum-weighted sum of the electric
charges of particles inside a jet, is sensitive to the electric charge of the particle initiating a parton
shower and can be used to discriminate between gluon- and quark-initiated jets. No evidence is
seen for a significant decrease (increase) in gluon- (quark-) like prevalence in a sample of high-pT
jets in PbPb collisions. In contrast to the PbPb and xenon-xenon systems, in pPb collisions no
suppression is observed in the low-pT region, whereas a weak momentum dependence is seen for
pT > 10 GeV, leading to a moderate excess above unity [38].
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Figure 5: The QGP-induced modification on jets as a function of jet pT for various R and 0–10%
centrality class [36]. The statistical uncertainty is represented as a vertical line, while the systematic
uncertainty is shown as a shaded box. The uncertainty due to luminosity and nuclear overlap
function for pp and PbPb collisions, respectively, are shown as colored boxes on the dashed line
at 1. Data are compared to predictions from Jewel [39] (orange and purple) and PYQUEN [40] (teal
and green) generators.
5 Heavy quark dynamics
The majority of secondary particle production in heavy ion collisions ends up as collective, ther-
malized bulk QCD matter which is well described using almost ideal relativistic fluid dynamics.
The QGP behavior is largely governed by an equation of state that exhibits a phase transition from
confined matter with hadronic degrees of freedom below the transition and deconfined partonic
matter above [41]. The long-range two- or higher-order particle (with large η gap) and near-side
azimuthal correlations constitute an effective tool to probe these QGP properties. These "radial"
or "anisotropic flow" correlations [42–44] are typically parametrized by coefficients in a Fourier
expansion, vn (n ≥ 1), and can provide information about the initial collision geometry (e.g., the
"elliptic" flow harmonic, v2) and its fluctuations (e.g., the "triangular" flow harmonic, v3).
Recent measurements [45] of prompt D0 (D0) meson v2 and v3 in PbPb collisions at
√
s
NN
=
5.02 TeV, as a function of pT, rapidity and centrality, extend the pT coverage up to ∼60 GeV and
provide more differential information. Motivated by the search for a strong electric field possibly
created in PbPb collisions, the first measurement of the v2 difference (∆v2) between D
0 and D0
as a function of rapidity is studied. The rapidity-averaged v2 difference is measured 〈∆v2〉 =
0.001 ± 0.001 (stat) ± 0.003 (syst). No effect of electric field on charm hadron collective flow is
thus observed, within the experimental uncertainty, and future model comparisons can provide
constraints on the QGP electric conductivity [46].
In the case of quarkonia states with different binding energies, their azimuthal dependence,
which is largely independent of nPDFs, can reflect the extent of the "screening", i.e., at what level
their binding energy is weakened by the surrounding partons, hence revealing the QGP thermal
environment. The v2 values for Υ(1S) and, for the first time, Υ(2S) mesons are measured (Fig. 6,
left) and found to be consistent with zero over the kinematic range studied [47], contrasting with
the measured J/ψ results in PbPb collisions [48], and suggesting different QGP effects for charmo-
nia and bottomonia. Because of different contribution of regeneration between Υ(1S) and Υ(2S)
meson production, this measurement additionally provides new inputs to the production mech-
anisms of bottomonia, complementing the sequential suppression pattern already seen for Υ(nS)
(with n = 1, 2, 3) mesons [49].
Heavy flavor quark collectivity is also seen in small-system collisions [50], measuring v2 > 0
for prompt D0 in pp collisions—comparable to light-flavor hadron species—and extracting a mass
dependence of heavy flavor hadron v2 in pPb collisions, including, for the first time, open beauty
hadrons via nonprompt D0 mesons (Fig. 6, right) .
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Figure 6: (Left) The pT-integrated v2 values for Υ(1S) and Υ(2S) mesons measured in PbPb colli-
sions
√
s
NN
= 5.02 TeV in the 0–90% centrality range [47]. The error bars (bands) denote the sta-
tistical (systematic) uncertainty. (Right) Results of v2 for prompt and nonprompt D
0 mesons [50],
as well as K0S, Λ, and J/ψ, as a function of pT in pPb collisions at
√
s
NN
= 8.16 TeV [51, 52]. The
error bars (shaded areas) correspond to the statistical (systematic) uncertainty. Lines show the
theoretical calculations under the color glass condensate framework of Ref. [53].
6 New probes
The multi-TeV energies available at the LHC heavy ion collisions have opened up the possibil-
ity to measure, for the first time, various exotic mesons and high-mass elementary particles. The
X(3872), also known as χc1(3872), is such an exotic meson, first observed by the BELLE Collab-
oration [54] and subsequently studied at electron-position and hadron colliders (most recently in
Ref. [55]), whose nature is still not fully understood. In the QGP, the production of the χc1(3872)
state can be enhanced or depleted depending on the spatial configuration of the exotic state. The
recent measurement of the inclusive prompt χc1(3872) production [56], here reconstructed via the
decay chain χc1(3872) → J/ψ pi+pi− → µ+µ−pi+pi− (Fig. 7, left), could also provide a new test on the
statistical hadronization mechanism [41], a remarkably successful phenomenological description
of the yields of "stable" (with respect to strong interactions) hadrons in central relativistic heavy
ion collisions.
The characteristic feature of experimental signatures is their sensitivity to initial- or final-state
effects integrated over the QGP lifetime, the latter increasing as a function of
√
s
NN
and the atomic
mass A of the ions being collided. At variance with measurements considered so far in the liter-
ature, top quark, a colored particle that decays mostly within the QGP, provides a novel way to
study differentially the space-time evolution of the QGP, hence offering the opportunity to resolve
the QGP and "unveiling its yoctosecond structure" [62]. We demonstrate [63], for the first time,
that top quark decay products are identified, irrespective of whether interacting with the medium
(bottom quarks) or not (leptonically decaying W bosons). Dilepton final states are selected, and
the tt cross section is measured from a likelihood fit to a multivariate discriminator using lepton
kinematic variables. The measurement is additionally performed considering the jets originating
from the hadronization of bottom quarks, which improve the sensitivity to the signal process. The
measurements, σtt = 2.02±0.69 and 2.56±0.82µb, consistent with each other and the expectations
from scaled proton-proton data as well as perturbative QCD (Fig. 7, right), constitute the first step
towards using the top quark as a novel tool to probe the QGP.
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Figure 7: (Left) Invariant mass distributionm
µ
+
µ
−pi+pi− in PbPb collisions at
√
s
NN
= 5.02 TeV [56],
denoting the production of ψ(2S) (blue) and χc1(3872) (green) particles. The red line presents the
unbinned maximum-likelihood fit result, with the "pull" distribution represented by the red boxes.
(Right) Inclusive tt cross sections measured with two methods in dilepton final states in PbPb
collisions at
√
s
NN
= 5.02 TeV (scaled by A-2) [63], and pp results at
√
s = 5.02 TeV [64]. The
measurements are compared with theory predictions at higher-order accuracy in QCD [65]. The
inner (outer) experimental uncertainty bars include statistical (statistical and systematic, added in
quadrature) uncertainties. The inner (outer) theory uncertainty bands correspond to nuclear [24,
66] or free-nucleon [23, 67] PDF (PDF and scale, added in quadrature) uncertainties.
7 Summary
The quark-gluon plasma (QGP) is a state of transient nuclear matter in which composite quan-
tum chromodynamics (QCD) states loose their identity and dissolve into a nearly ideal, strongly
interacting fluid of quarks and gluons. The existence of QGP was proposed already in the mid-
seventies after it was realized that asymptotic freedom in QCD predicts force weakening at short
distances. Therefore, one of the most challenging questions in nuclear physics is to identify the
QGP structure and its phases.
Despite the successful description provided by the QCD Lagrangian, our knowledge away
from the perturbative limit is still limited. The aim of ultrarelativistic heavy ion collisions is to
bridge this gap and to contribute to the understanding of thermodynamics and collective QCD
phenomena. Hard probes and photon-initiated interactions serve in this context to provide infor-
mation and constraints for cold and hot nuclear matter effects which cannot be obtained by study-
ing bulk QCD matter alone. Imaging the QGP formation and evolution via initial- and final-state
interactions of produced and outgoing partons lies at the heart of nuclear PDF and tomography
studies, respectively. Altogether these measurements contribute to comprehensive modeling of all
aspects of the dynamics of heavy ion collisions.
Some of the features of the QGP are the strong collective anisotropic flow and high opacity
to jets. Collective flow is observed, among others, as the mass-dependent transverse momentum
(pT) spectra of light or heavy particles, while parton energy loss comes out as the suppression
in the production of high-pT particles. Recent measurements in high-multiplicity proton-proton
and proton-nucleus collisions revealed flow-like patterns, and along with the nuclear modification
factors, already covering pT ranges up to the TeV scale, can provide stringent constraints on cold
and hot nuclear matter effects.
With the advent of the LHC, the energy reach for ultraperipheral collisions extended signifi-
cantly, including studies on nuclear structure and modifications, and even searches for beyond the
standard model signatures. Additional measurements like the evidence of exotic meson and top
quark production demonstrate the versatility of the CMS experiment, and provide novel probes of
the locally deconfined state with a lifetime of a few fm. The future opportunities for high-density
QCD studies with ion and proton beams at the LHC are unprecedented given the enlarged per
month integrated luminosity.
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